Abstract Diffuse large B cell lymphoma (DLBCL) is a biologically heterogeneous disease and the most common subtype of B cell non-Hodgkin's lymphoma in the USA. Even though it is a curable lymphoma in advanced stages, up to 40 % of patients eventually relapse or fail to achieve remission. Improved understanding of the biologic complexity of DLBCL reveals a diverse range of oncogenic driver mutations and signaling pathways that are essential for growth and survival of malignant cells. Since many of these signaling pathways can be targeted by small-molecule inhibitors, the therapy for DLBCL is currently undergoing a paradigm shift away from conventional chemotherapy and toward targeted agents that capitalize on an improved biologic understanding of the subsets with the highest risk of treatment failure. Participation in wellconducted and rationally designed clinical trials will be essential to realize the potential of these targeted agents and realize the goal of improving overall outcomes in the most common B cell lymphoma in the world.
Introduction: current standard of care for DLBCL Diffuse large B cell lymphoma (DLBCL) is the most common subtype of B cell non-Hodgkin lymphoma (NHL), representing approximately 30-40 % of the estimated 70,130 cases of NHL in the USA in 2012 and is curable in the majority of cases [1] . Still, 30-40 % of patients eventually relapse or fail to achieve remission, and it is estimated that nearly 19,000 people will die of DLBCL in 2012 in the USA [1] . Given this incidence, even modest improvements in the outcomes of DLBCL patients have the potential for tremendous impact, making novel drug development in this disease a priority.
Since it was first recognized that DLBCL could be cured with combination chemotherapy in the 1970s [2] , the search for an optimal regimen has been ongoing. Anthracyclines have established themselves as the most effective drug class and a variety of combination regimens exist [3] [4] [5] . First-generation combination regimens using cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) were first studied extensively in national cooperative settings, and a landmark randomized trial in 1993 established CHOP as the gold standard over other chemotherapy regimens that relied on higher dose intensity [3] . The alternative regimens resulted in more toxicity without resultant improvements in outcomes [3] . However, the pharmacodynamically derived infusional regimen of dose-adjusted (DA) EPOCH utilizes the addition of etoposide and is highly effective for DLBCL, including highly proliferative variants [5] .
It has been the development of rituximab, a monoclonal antibody targeted against CD20, however, that has made the single greatest impact on the treatment of DLBCL since CHOP was first introduced. The first study to demonstrate the benefit of rituximab in advanced DLBCL was a randomized study of CHOP or CHOP with rituximab (R-CHOP) in patients over 60 years old [6] . In this study, the complete remission (CR) rate (76 vs. 63 %) and 5-year event-free survival (EFS) (47 vs. 29 %) were higher with R-CHOP than CHOP, and this survival advantage remains at 10 years follow-up [6, 7] . The MabThera International Trial (MInT) also demonstrated a survival benefit of rituximab when added to CHOP-based treatment in patients B60 years with low IPI risk [8] , making immunochemotherapy regimens such as R-CHOP the ''de facto'' standard in DLBCL. These early successes in remission rates and event-free survival have recently been confirmed to result in durable improvements in overall survival, including patients over age 80 years, and without unanticipated longterm toxicities [7] [8] [9] [10] . Rituximab can also be safely added to DA-EPOCH therapy with improvements in survival compared to historical controls [11, 12] , and this regimen (DA-EPOCH-R) is currently being compared to R-CHOP in newly diagnosed DLBCL in a phase III randomized trial. Importantly, rituximab benefits all subgroups of DLBCL and likely overcomes historical methods of resistance in the pre-rituximab era such as overexpression of Bcl-2 [13] . Thus, modern immunochemotherapy regimens induce complete remissions in 80-85 % of patients with newly diagnosed DLBCL, and future successes that rival the revolutionary effect seen with rituximab will need to exploit emerging insights into the oncogenic pathways that drive disease in the 15-20 % of patients who are at the highest risk for treatment failure with R-CHOP or DA-EPOCH-R.
Risk stratification of DLBCL
Diffuse large B cell lymphoma is a widely heterogeneous disease associated with numerous genetic alterations and characterized by underlying biologic diversity. The most widely used prognostic tool prior to therapy is the International Prognostic Index (IPI) [14] which separates patients into categories with differential prognosis, but does not capture biologic specificity. Multiple new tools are available which have illustrated that specific molecular subgroups of DLBCL are at highest risk for treatment failure with R-CHOP and have identified potential therapeutic targets. Ideally, elucidation of driver mutations and biologic processes that are responsible for treatment resistance will lead to targeted strategies based on this biologic diversity between subgroups.
Gene expression profiling (GEP) of DLBCL has demonstrated significant molecular heterogeneity within morphologically indistinguishable tumors [15] . DLBCL can be divided into three different subtypes: germinal center B cell (GCB) type, activated B cell (ABC) type and primary mediastinal B cell lymphoma (PMBL) type that arise by distinct pathogenetic mechanisms and have a very different prognosis [16] [17] [18] [19] . PMBL patients have the best prognosis and recently it has been demonstrated that the majority of them can be cured with an effective regimen without radiation therapy [20] . Patients with GCB-type DLBCL have a better prognosis than ABC-type DLBCL when treated with R-CHOP [21] , and this discordance in outcomes was also seen in patients treated with DA-EPOCH-R therapy in which the 5-year progression-free survival (PFS) was 100 % for the GCB type compared to 67 % for the ABC type [12] . The majority of patients who fail initial therapy, therefore, are likely to be of the ABC type and identifying therapeutic targets in this group are of high priority.
The pathogenic hallmark of ABC-type DLBCL is the constitutive activation of the nuclear factor-jB (NF-jB) pathway through a variety of mechanisms, which promotes cell proliferation and protection from apoptosis [22] . The NF-jB family of proteins is a group of five transcription factors (RelA, RelB, c-Rel, NF-jB1, and NF-jB2) that are typically kept inactive by inhibitory cytoplasmic proteins [23] . Three proteins, CARD11, BCL10, and MALT1, form a signaling complex (CBM) which leads to the activation of NF-jB following antigen stimulation of the B cell receptor (BCR) [24] (Fig. 1) . The classical NF-jB pathway is engaged in ABC-type DLBCL through chronic active BCR signaling in over 20 % of cases, but not commonly found in other lymphoma subtypes [24] . Mutations in CARD11 are found in up to 10 % of cases of ABC-type DLBCL, but not in the GCB type [25] . An alternative pathway of NF-jB activation through aberrant activation Fig. 1 The CARD11, BCL10, MALT1 (CBM) complex, and mechanisms of NF-jB activation in ABC-like DLBCL. Activating mutations of the coiled domain of CARD11 occur in 10 % of cases of ABC-like DLBCL that lead to constitutive activation of the NF-jB pathway, while cases of wild-type CARD11 are associated with chronic active B cell receptor (BCR) signaling. Treatment may depend on the mechanism by which NF-jB is activated. Figure  courtesy of Lou Staudt and adapted from [95] [27] [28] [29] . A third mechanism of NF-jB activation is the deletion of the negative regular A20 which is found in up to 30 % of cases of ABC-type DLBCL [30] . Approximately, 10 % of newly diagnosed DLBCL patients harbor an underlying translocation of the MYC oncogene on chromosome 8 as a secondary genetic event in association with a complex karyotype [31] . Molecularly, these lymphomas utilize fundamentally distinct pathogenetic mechanisms from Burkitt lymphoma (BL) [32] . Most cases involve the immunoglobulin heavy chain gene on chromosome 14, but light chain genes on chromosome 2 (kappa) and 22 (lambda) are also seen. A subset of these cases also harbor an underlying translocation at the second breakpoint such as BCL2, BCL6, or cyclin D1 [33, 34] . These lymphomas, commonly present with poor prognostic features such as extranodal disease and high IPI, and carry a dismal prognosis [35, 36] . Patients with MYC ? DLBCL and ''double-hit'' or ''triple-hit'' lymphomas are at high risk for treatment failure with R-CHOP and warrant special consideration. More recently, the identification of c-myc protein via immunohistochemical methods on formalinfixed paraffin-embedded tissue has been described [37] , and cases of DLBCL which are positive for both BCL2 and c-myc protein also have a poor prognosis [38, 39] . Importantly, the bio-CORAL study recently reported that patients with MYC translocation (17 % of all patients) did not benefit from ASCT in the relapsed setting [40] , further highlighting the need for novel approaches in this subset.
NF-jB pathway inhibition
The NF-jB pathway of transcription factors is responsible for the control of multiple cellular processes, many of which are the hallmarks of cancer cells. These processes include cytokine secretion, inflammation, proliferation, angiogenesis, invasion, and metastasis. It is not surprising, then, that NF-jB is frequently deregulated in DLBCL and that many tumor cells are addicted to NF-jB-especially ABC-like DLBCL. Activation of NF-jB follows two pathways: the canonical (classic) and the non-canonical (alternative), both of which are regulated by inhibitory proteins known as IjB proteins, which are, in turn, regulated by the IKK complex (IKKa, IKKb, and IKKc). Constitutive activation of the NF-jB pathway is required for the survival of ABC-like DLBCL, and the genetic ablation of key NF-jB signaling molecules results in B cell differentiation arrest and prevents activation [23] . The validation of NF-jB pathway as a promising therapeutic target was first demonstrated when small-molecule inhibitors of the IKK complex such as IjB kinase (IKK) demonstrated selective inhibition of ABC-like cell lines in vitro [41] . Multiple agents that target the NF-jB pathway through a variety of mechanisms have demonstrated selective efficacy in patients with ABC-like DLBCL.
Proteasome is a multiprotein complex with three proteolytic activities associated with distinct subunits: the peptidylglutamyl-like (b1-subunit), trypsin-like (b2-subunit), and the chymotrypsin-like (b5-subunit). Bortezomib is a dipeptidyl boronic acid derivative and the first in the class of proteasome inhibitors that reversibly target the chymotrypsin-like activity of the proteasome and has demonstrated activity in lymphoma [42, 43] . Bortezomib blocks the degradation of phosphorylated IjBa, subsequently downregulating the NF-jB pathway [44, 45] . The activity of bortezomib in ABC-like DBLCL was first demonstrated in a landmark study by Dunleavy et al., who treated 49 patients with relapsed and refractory DLBCL with DA-EPOCH with bortezomib. ABC-like DLBCL patients had an 83 % response rate, while the response rate for GCB-like DLBCL was only 13 % with a survival advantage in the ABC-like patients of 10.8 months compared to 3.4 months [46] . Similarly, Ruan et al. treated 40 patients with untreated DLBCL with R-CHOP in combination with escalating doses of bortezomib and demonstrated an overall response rate of 100 % with complete remission rate of 86 % and manageable toxicities [47] . Importantly, this study found similar survival outcomes at 2 years with GCB-like and ABC-like DLBCL. Taken together, these findings have prompted multi-institutional studies including a randomized phase II study of R-CHOP with and without bortezomib [NCT: 00931918] in untreated ABC-like DLBCL and a nonrandomized assessment of R-ICE with bortezomib [NCT: 01226849] in relapsed/refractory ABC-like DLBCL to better understand the impact of bortezomib on this subset.
Lenalidomide is an oral immunomodulatory agent, approved for use in multiple myeloma, which exerts impressive anti-cancer effects through multiple mechanisms that include inhibition of angiogenesis, recruitment of natural killer cells, upregulation of costimulatory molecules such as CD80 and CD40, impairment of inflammatory cytokine production, and effects on adhesion in the tumor microenvironment [45, 48] . In one phase II study evaluating lenalidomide as a single agent in 26 patients with relapsed/ refractory aggressive B cell lymphoma, remissions were observed in 20 % of patients with DLBCL with duration of response of over 6 months. Importantly, selectivity for the ABC-like subset of DLBCL by lenalidomide has been observed. In one study, a 55 % response rate in patients with relapsed ABC-like DLBCL was observed compared to only 9 % in patients with relapsed GCB-like DLBCL [49] . In an effort to understand the mechanism of action in ABClike DLBCL, Yang et al. [50] exposed both ABC-like and GCB-like cell lines to lenalidomide in vitro. They demonstrated that lenalidomide selectively killed ABC-like cells by augmenting interferon b (IFNb) production. Specifically, lenalidomide inhibits NF-jB by downregulating the transcription factors interferon regulatory factor 4 (IRF4) and SPIB, which are characteristically expressed in ABC-like DLBCL and usually serve to prevent IFNb production [50] . Signatures of NF-jB, MYD88, and JAK were downregulated by lenalidomide suggesting that the TLR pathway was inhibited. This toxic effect of lenalidomide on ABC-like cells also was dependent on the expression of cereblon, an observation also seen in the antimyeloma activity of lenalidomide [51] . Most importantly, additional inhibition of IKK with either the selective inhibitor MLN120B or the Bruton's tyrosine kinase (Btk) inhibitor, ibrutinib, led to undetectable IRF4 expression. A combination of lenalidomide and ibrutinib also proved highly effective in arresting the growth of ABC-like tumors in mouse models suggesting a highly active combination regimen [50] .
Another strategy to inhibit the NF-jB pathway is the prevention of polyubiquination of IjBa, a process that marks it for degradation via the proteasome. Since this process requires neddylation, the inhibition of the NEDD8-activating enzyme (NAE) would serve to stabilize IjBa with the overall result being NF-jB inhibition. MLN4924 is a selective small-molecule inhibitor of NAE that demonstrates significant activity against a variety of cancer cell lines and mouse xenograft models to include ABC-like DLBCL [52, 53] . Importantly, the tumoricidal effects of MLN4924 were specific for ABC-like DLBCL in vivo and were not observed in GCB-like DLBCL, further supporting the notion of selective inhibitors based on specific molecular background. Studies for testing MLN4924 in combination with chemotherapy in relapsed ABC-like DLBCL have been planned [NCT: 01415765].
B cell receptor signaling inhibition
The survival of normal B cells requires continuous signaling (tonic) through the surface BCR, which thereby engages downstream growth and survival pathways such as phosphoinositide 3-kinase (PI3K), protein kinase C (PKCb), and mammalian target of rapamycin (mTOR). BCR signaling is mediated through a variety of protein tyrosine kinases such as spleen tyrosine kinase (SYK), Lyn, and BTK [54] (Fig. 2) . In ABC-like DLBCL, signaling via the BCR pathway is independent of antigen stimulation and results from mutations in the BCR such as CARD11, MYD88, and CD79A/B that engage the classical NF-jB pathway. This chronic active BCR signaling renders ABC-like DLBCL cells ''addicted'' to the pathway and susceptible to its inhibition. Many of these tyrosine kinases critical for BCR signaling and amplification are amenable to inhibition by small molecules. Among the most promising agents in DLBCL (and other B cell malignancies) are these small-molecule inhibitors that interrupt upstream processes involved in BCR signaling and the downstream pathways that are responsible for cellular proliferation. SYK is a protein tyrosine kinase with close proximity to BCR that is responsible for amplification of the BCR signal and activation of downstream events such as PI3K and Akt [54] . Inhibition of SYK in subsets of DLBCL cell lines induced significant apoptosis leading to its clinical development [55] . In a phase 1/2 study of an oral inhibitor of SYK, fostamatinib, 23 patients with relapsed DLBCL were treated and a modest overall response rate of 22 % was observed with one complete remission and a PFS of 2.7 months [56] . Fostamatinib was well tolerated with dose-limiting toxicities, predominantly hematologic in nature, in addition to diarrhea. Even though the single agent activity of fostamatinib was modest in DLBCL, it was one of the first in vivo demonstrations of the potential of BCR pathway inhibition.
Btk is a tyrosine kinase that is activated early in the BCR signaling cascade. Ibrutinib (formerly PCI-32765) is an oral small molecule that selectively and irreversibly inhibits Btk through binding with cysteine-481 [57] . In dogs with spontaneous B cell lymphoma, ibrutinib induced objective clinical responses prompting its clinical development in B cell malignancies [58] . In a phase 1 trial testing ibrutinib in a variety of relapsed/refractory B cell malignancies, no dose-limiting toxicity was determined and the overall response rate was 60 % [59] . Two short hairpin RNAs, specifically target to Btk, demonstrated toxicity for wild-type CARD11 ABC DLBCL subtype with no effect on cell lines with CARD11 mutations suggesting that ibrutinib selectively kills those which rely on constitutive BCR signaling [24] . Preliminary results from a phase II study of ibrutinib in relapsed/refractory DLBCL [NCT01325701] revealed that 2 of the first 8 patients treated with ibrutinib at 560 mg daily underwent complete remission for 11 and 5 months, respectively [60] . In addition, one patient who was primarily refractory to chemotherapy had stable disease and was successfully bridged to allogeneic transplantation. Pre-treatment and post-treatment biopsies on 5 patients were analyzed by GEP and suggested that cytotoxic T cells and macrophages were decreased in patients with clinical response, but not in those without, suggesting that the underlying mechanism of interruption of BCR signaling involved cytokine modulation. Indeed, Btk is a promising target in ABC DLBCL, and future combination studies with conventional chemotherapy are planned.
PKCb is a serine/threonine kinase that is amplified through the BCR activation pathway and responsible for growth and survival of B cells via the BCR, NF-jB and VEGF pathways. GEP identified PKCb as an unfavorable prognostic marker in DLBCL [61] , and in vitro evidence involving DLBCL cell lines suggested that PKCb represented a rational therapeutic target in DLBCL [62] . Enzastaurin is a potent oral inhibitor of PKCb that has been studied in relapsed/refractory DLBCL [63] , as well as in combination with R-CHOP in patients with intermediate and high-risk DLBCL [64] . In a phase II study, 55 patients with relapsed/refractory DLBCL were treated with once daily enzastaurin on a continuous daily basis [63] . Four patients (7 %) experienced significant freedom from progression over 20 months and 3 patients had a complete remission and the overall toxicities were manageable. The preliminary analysis has been reported of a randomized phase II study of patients with high-or intermediate-risk DLBCL given either enzastaurin with R-CHOP for 6 cycles versus R-CHOP alone [64] . After 100 patients had been enrolled, the experimental group treated with enzastaurin demonstrated a 1-year PFS of 71 % compared to only 52 % of those without enzastaurin with similar toxicity profiles. The results of this trial will determine the feasibility and effectiveness of this approach moving forward.
The family of PI3K kinases is another example of protein kinases with a central role in BCR signaling that are amenable to inhibition by small molecules. GS 1101 (formerly CAL 101) is a potent small-molecule inhibitor of PI3K p110d that blocks constitutive PI3K signaling in vitro [65] . In a phase I study, GS 1101 was studied in 9 patients with DLBCL and was well tolerated, but did not result in clinical responses [66] . It is being developed in indolent NHL and may eventually prove to have a role in the management of DLBCL.
STAT3 signaling inhibition
Another important oncogenic signaling pathway that cooperates with NF-jB to promote survival of ABC-like DLBCL and represents a possible therapeutic target is the Janus activated kinase (JAK)/STAT signaling pathway. STAT3 expression and activation are significantly higher in ABC cell lines than GCB cell lines and likely play a role in the chemoresistance of this subset [27, 28] . The STAT proteins are a family of transcription factors important for the regulation of cellular event such as proliferation and survival [67] . The constitutive activation of the NF-jB pathway in ABC DLBCL induces the secretion of IL-6 and IL-10, which promotes survival through the activation of the JAK family of kinases (JAK1, JAK2, JAK3, and TYK2) [68] . The JAK family of kinases phosphorylate the transcription of STAT proteins, which dimerize and relocate to the nucleus where they activate target genes important for cellular proliferation [69] . A gene expression signature demonstrate that about half of ABC DLBCLs show elevated activity of STAT3 activity (STAT3-high) and have higher NF-jB activity than those with low STAT3 activity (STAT3-low), as well as increased expression of proliferation genes [28] . Importantly, selective inhibition of STAT3 signaling resulted in dosedependent cellular death in ABC, but not GCB cell lines [28] . Additionally, when JAK inhibitors were combined with selective inhibitors of IKKb, synergistic killing was observed [28] . In mouse models, direct inhibition of STAT3 with short hairpin RNA (shRNA) suppresses the growth of ABC-like DLBCL in concert with STAT3 downregulation, further validating its possible anti-tumor effects in lymphoma [29] . In addition to evidence of direct cytotoxicity to tumor cells, the targeting of STAT3 may also activate intrinsic anti-tumor immune mechanisms by effects on dendritic cells, T cells, and natural killer cells [70] .
Direct therapeutic targeting of STAT3 signaling is difficult since it lacks its own enzymatic activity. Thus, the most advanced method for targeting STAT3 signaling to date is to use small molecules that target the JAK family of tyrosine kinases such as SB1518 [71] and ruxolitinib [72] . Ruxolitinib is an oral selective inhibitor of JAK1 and JAK2 that has gained FDA approval in the USA for the treatment of primary myelofibrosis (PMF) and related conditions in November of 2011 [73, 74] . In a phase 1/2 study of myelofibrosis patients, ruxolitinib proved to be well tolerated with dose-limiting side effects related to reversible effects on the hematopoietic system such as anemia and thrombocytopenia [74] . A dose-dependent suppression of STAT3 expression was demonstrated in this study that was independent of the presences of JAK mutations. Given the strong pre-clinical evidence that inhibition of JAK/STAT signaling is lethal to ABC DLBCL, an ongoing multicenter phase II study of ruxolitinib in relapsed/refractory DLBCL is currently ongoing [NCT: 01431209].
Another potential method of inhibiting IL-6 induced JAK/STAT signaling involves the targeting of proteins that co-localize with STAT3 such as sphingosine-1-phosphate receptor 1 (S1PR1) that are involved in the regulation of STAT3 signaling [75] . S1PR1 is a G protein-coupled receptor that is elevated in STAT3 positive tumors; enhanced S1PR1 expression can activate STAT3 through JAK2 upregulation, thereby accelerating tumor growth and metastasis [75] . In ABC cell lines in mouse models, the inhibition of S1PR1 via shRNA as well as an antagonist of S1P downregulated STAT3 activity and induced growth arrest and apoptosis. These findings suggest targeting S1PR1 may be another method by which the STAT signaling pathway could be clinically targeted [76] . Similarly, histone deacetylase (HDAC) proteins can regulate co-localizing proteins such as STAT3 through reversible site-specific protein acetylation [77] . HDAC3, which is a class I HDAC, is overexpressed in STAT3-positive DBLCL and can be specifically targeted with agents such as panobinostat (LBH589) [78] . In ABC cell lines, HDAC3 was found to be overexpressed compared to GCB cell lines and they were more sensitive to the effects of HDAC inhibition with LBH [78] . Panobinostat is currently being tested in a multi-institutional phase II study in relapsed/ refractory DLBCL and other NHLs [NCT: 01261247]. Indeed, the STAT signaling pathway is a viable therapeutic target and a variety of agents have been under exploration to determine their clinical efficacy.
BCL6 inhibition
Although the ABC-like subset of DLBCL has a poorer prognosis than GCB-like DLBCL, cases of relapsed or refractory DLBCL are not exclusively ABC-like and the development of targeted agents based on the biology of the GCB-like subset is also necessary. The GCB subtype of DLBCL typically expresses genes normally found in the germinal center of normal B cells, such as CD10 and LMO2 [15, 16] . A common molecular abnormality is the deregulation of the bcl-6 gene, which is a key transcriptional regulator of the germinal center reaction [79] . BCL6 protein functions as a transcription factor that binds a specific DNA sequence and represses the transcription of genes involved in critical biologic processes, such as cell cycle regulation, DNA damage response, and apoptosis [80, 81] . BCL6 is required for germinal center cell formation during antigen-driven immune response [82] . Thus, DLBCLs with high expression of BCL6 on immunohistochemistry are usually of GCB origin, and this may distinguish them from other DLBCL subtypes [83] . Similar to STAT proteins, since BCL6 is a transcriptional factor, it is difficult to target directly and is best affected by targeting protein-protein interactions. Recently, a small molecule was identified that specifically disrupted the activity of BCL6 by blocking its corepressors [84] . The compound, known as 79-6 complex, was able to selectively induce apoptosis in DLBCL cell lines that were BCL6 dependent, but not those that were BCL6 independent. In a xenograft model in mice, 79-6 was able to induce tumor shrinkage validating BCL6 inhibition as a rational therapeutic strategy for DLBCL tumors that overexpress BCL6 [84] .
MYC-positive subsets of DLBCL
In contradistinction to the good prognosis of patients with BL, DLBCL patients who harbor a translocation of the MYC oncogene have a poor prognosis [85, 86] . DLBCL Diffuse large B cell lymphoma 557
with an additional translocation, such as BCL2 or BCL6, are dubbed ''double-hit lymphomas'' (DHL) and have an especially grave prognosis [33, 34] . Although the underlying signaling pathways that confer resistance in patients with MYC ? DLBCL or DHL are not well characterized, these patients do poorly when treated with R-CHOP and do not benefit much from salvage chemotherapy and ASCT upon relapse [40] . Early indications suggest that DA-EPOCH-R may overcome the resistance conferred by MYC positivity, but further follow-up is necessary [87] . The Myc oncoproteins (c-Myc, N-Myc, and L-Myc) have generally been considered ''undruggable'' targets, because the protein structures are not amenable to small-molecule inhibition. However, recent epigenetic manipulation of the BET bromodomain protein BRD4 by the compound JQ1 has demonstrated exciting promise in inhibiting c-Myc in murine models of multiple myeloma [88, 89] , since bromodomain proteins serve as regulatory factors for c-Myc and can potentially alter gene expression. Another mechanism by which Myc promotes lymphomagenesis is by suppressing the transcription of tristetrapolin (TTP), which functions as a tumor suppressor [90] . Normal gene expression is tightly controlled by mRNA turnover which is, in turn, tightly regulated by AU-binding proteins (AUBP) that recognize AU-rich elements (ARE) within transcripts. TTP is an example of an AUBP that is suppressed in cancers with Myc involvement, and restoring TTP impairs Myc-induced lymphomagenesis and abolishes the malignant state [90] . Both of these strategies represent novel epigenetic targeting of MYC ? tumors that could potentially be combined with chemotherapy.
Aurora kinase inhibition
Another potential therapeutic target with exciting promise in DLBCL is the inhibition of Aurora kinase A, also known as serine/threonine-protein kinase 6 (STK6). Aurora kinases A and B are mitotic kinases responsible for checkpoint regulation of the mammalian cell cycle and mitotic initiation. Aurora A is overexpressed in DLBCL as compared to normal B cells [91] and is linked to chemotherapy resistance to important agents with antilymphoma activity such as vinca alkaloids and other microtubule-targeting agents [92] . Aurora A is subject to therapeutic targeting by smallmolecule inhibitors such as MLN8237 (alisertib), an oral agent which selectively inhibits Aurora kinase A activity. MLN8237 induces apoptosis in aggressive B cell lymphoma cell lines; in a multicenter phase 1 study of MLN8237 as a single agent in advanced hematologic malignancies including DLBCL, mild antitumor activity was observed with manageable toxicities [93] . The principal toxicities of MLN8237 are related to myelosuppression and, importantly, it has demonstrated synergy when combined with both vincristine and rituximab both in vitro and in xenograft models [94] . Since both vincristine and rituximab are without significant effects on normal hematopoeisis, the combination of MLN8237 with both of them (MVR) is being tested in a multicenter phase 1-2 trial of relapsed DLBCL [NCT: 01397825].
Conclusions
Diffuse large B cell lymphoma is best understood as a heterogeneous disease with multiple subsets that are driven by a diverse range of oncogenic mutations and signaling pathways. As a result, the therapy for DLBCL is currently undergoing a paradigm shift away from conventional chemotherapy and toward targeted agents that capitalize on an improved biologic understanding of the subsets with the highest risk of treatment failure. Other agents not mentioned in this paper include those that also exhibit promise, including new monoclonal antibodies against CD20 and CD22 as well as the mTOR inhibitor, everolimus. However, a full discussion is beyond the scope of this review. In the rituximab era, the majority of patients with DLBCL who relapse after initial therapy will be represented by high-risk subsets such as MYC ? , ''double-hit'' lymphomas, transformed lymphomas, and the ABC-like subtype. High-dose therapy with autologous stem cell transplantation is likely to have a diminished role, as targeted agents increase their role in the relapsed setting and, eventually, in the initial management of these curable lymphomas. Participation in wellconducted and rationally designed clinical trials will be essential to realize the potential of these targeted agents and realize the goal of improving overall outcomes in the most common B cell lymphoma in the world.
